A power conversion efficiency of 3.4% with an open-circuit voltage of 1 V was recently demonstrated in a thin film solar cell utilizing fullerene C 60 as acceptor and a new acceptor-substituted oligothiophene with an optical gap of 1.77 eV as donor ͓K. Schulze et al., Adv. Mater. ͑Weinheim, Ger.͒ 18, 2872 ͑2006͔͒. This prompted us to systematically study the energy-and electron transfer processes at the oligothiophene:fullerene heterojunction for a homologous series of these oligothiophenes. Cyclic voltammetry and ultraviolet photoelectron spectroscopy data show that the heterojunction is modified due to tuning of the highest occupied molecular orbital energy for different oligothiophene chain lengths, while the lowest unoccupied molecular orbital energy remains essentially fixed due to the presence of electron-withdrawing end groups ͑dicyanovinyl͒ attached to the oligothiophene. Use of photoinduced absorption ͑PA͒ allows the study of the electron transfer process at the heterojunction to C 60 . Quantum-chemical calculations performed at the density functional theory and/or time-dependent density functional theory level and cation absorption spectra of diluted DCVnT provide an unambiguous identification of the transitions observed in the PA spectra. Upon increasing the effective energy gap of the donor-acceptor pair by increasing the ionization energy of the donor, photoinduced electron transfer is eventually replaced with energy transfer, which alters the photovoltaic operation conditions. The optimum open-circuit voltage of a solar cell is thus a trade-off between efficient charge separation at the interface and maximized effective gap. It appears that the open-circuit voltages of 1.0-1.1 V in our solar cell devices have reached an optimum since higher voltages result in a loss in charge separation efficiency.
I. INTRODUCTION
Organic solar cells 1,2 have recently been investigated intensively due to their advantages such as low cost, flexibility, and short energy payback time. For a broad application of organic solar cells, a device power conversion efficiency ͑PCE͒ of 10% is considered to be necessary. 3 At present, PCE values around 4%-5% ͑Refs. 4-7͒ ͑including carefully optimized postproduction treatment͒ have been reported using heterojunctions of fullerene derivatives as acceptor and small donor molecules, e.g., copper phthalocyanine ͑CuPc͒, 8 or polymers such as polythiophene derivatives, e.g., poly͑3-hexylthiophene-2,5,diyl͒ ͑P3HT͒.
9 P3HT:PCBM bulk heterojunction solar cells achieve an internal quantum efficiency close to unity; nevertheless, these cells still suffer from low voltage ͑V oc = 0.6V͒ limiting the PCE. 10 Thus, a major issue in developing efficient devices is to clarify the origin of the open-circuit voltage and its optimization. 11 The electronic properties of polythiophenes such as P3HT 10 have proven particularly advantageous to achieve highly efficient solar cells. Recently, Scharber et al. characterized more than two dozen polymers acting as donor material in polymer:fullerene bulk heterojunction solar cells. 12 The open-circuit voltage of these photovoltaic cells linearly correlates with the oxidation potential measured with cyclic voltammetry ͓i.e., the respective highest occupied molecular orbital ͑HOMO͒ level energy͔. Furthermore, Scharber et al. used their data to predict the donor energy levels that are required at the donor:fullerene heterojunction to reach PCE values as high as 10% by assuming optimized values of the fill factor ͑FF͒ and the external quantum efficiency. Their major observation is that the donor lowest unoccupied molecular orbital ͑LUMO͒ level should be offset by 0.3 eV with respect to the LUMO of the acceptor material, 13 while the band gap of the donor should be lower than 1.74 eV. Accordingly, with C 60 fullerene as acceptor, a donor material with a LUMO energy between −3.5 and −3.7 eV is required. In order to ͑i͒ achieve an energetically fixed LUMO level and, at the same time, ͑ii͒ be able to modify the HOMO level energy, we have attached strong acceptor groups at the ends of the thiophene oligomers. With such acceptors, the LUMO wave function is expected to localize on the acceptor group rather than the oligomer backbone. This was demonstrated, e.g., for tricyanovinyl ͑TCV͒-capped oligothiophenes, 14, 15 where the LUMO energy is solely determined ͑i.e., fixed͒ by the strong TCV acceptor group and becomes independent of backbone modifications ͑such as chain length variations͒.
However, TCV acceptor groups stabilize the LUMO level considerably below the targeted value of −3.5 to − 3.7 eV. Therefore, we have chosen to work with the dicyanovinyl ͑DCV͒ acceptor that is expected to stabilize the LUMO level to a lesser extent than TCV. Utilizing dicyanovinyl endcapped oligothiophenes ͑shown in Fig. 1͒ and varying the length of the oligothiophene core, we have tuned the relative position of LUMO and HOMO levels at the interface to C 60 . Recently, we have demonstrated efficient organic solar cells incorporating an quinquethiophene derivative.
HOMO levels are systematically altered with the length of the molecule, while the LUMO level is almost energetically fixed. We discuss the energy levels within the DCVnT series as measured by cyclic voltammetry ͑CV͒ and ultraviolet photoelectron spectroscopy ͑UPS͒, followed by an investigation of the electron and energy transfer processes at the interface of DCVnT to fullerene by means of photoinduced absorption ͑PA͒. To allow a comprehensive interpretation of the PA spectra, both triplet-triplet and cation transitions were calculated using time-dependent density functional theory ͑TD-DFT͒. Additionally, the cation absorption spectra were recorded for dilute solutions of DCVnT. Finally, we compare the solar cell characteristics within the DCVnT series and determine the trade-off between high open-circuit voltage and efficient charge separation, which can lead to an optimized power conversion efficiency.
II. METHODOLOGY

A. Experiment
A commercial spectrophotometer ͑Shimadzu UV-2101/ 3101͒ is used for absorption measurements. Luminescence spectra were recorded using a FluoroMAX ͑Spex͒ with separated monochromators for excitation and luminescence light. Luminescence and absorption spectra of oligothiophenes in solution were taken in CH 2 Cl 2 at room temperature.
A mechanically chopped argon ion laser ͑514 nm͒ provides the pump excitation ͑300 mW cm −2 ͒ in PA. The probe beam provided by a tungsten-halogen white-light source was recorded in transmission geometry with either a Si or an InGaAs photodiode after passing a monochromator and detected with a lock-in amplifier. For low temperature measurements down to 10 K, the samples were kept in helium vapor in a continuous flow cryostat. As oxygen acts as a strong quencher of the C 60 triplet state, 17 the samples are encapsulated using a cover glass glued on top. A cavity is milled into the cover glass to provide a spacing and thus avoid interference effects between the two glasses. Neat and blend layer of DCVnT and DCVnT:C 60 were both prepared on one substrate and measured successively to achieve comparable PA intensity.
DCVnT was synthesized according to the route recently developed. 16, 18, 19 DCV3T was sublimated once and C 60 twice by thermal vacuum gradient sublimation prior to use. DCV4T, DCV5T:C 60 ͑due to the marginal amount of material available͒, and DCV6T ͑decomposition at high temperatures͒ were not sublimated; a partial cleaning is achieved by heating the material in the evaporation chamber slightly below its sublimation temperature for a reasonably extended time; purification is indicated by an increased pressure ͑de-gassing of impurities, approximately 10 −6 mbar͒ which reduces again ͑approximately 30 min͒. The organic films are vapor deposited onto glass substrates in an ultrahigh vacuum ͑10 −7 mbar͒ system with deposition rates of about 0.1 Å s −1 . The thickness is determined using a quartz crystal monitor.
Solar cells were prepared on semitransparent indium tin oxide ͑ITO͒ coated glass substrates ͑Thin Film Devices Inc., sheet resistance Ͻ30 ⍀ / sq͒ and have an average size of 6-8 mm 2 . Substrates were cleaned using detergent, acetone, and ethanol. The materials were cleaned at least twice by thermal vacuum gradient sublimation, except DCVnT ͑de-scribed above͒ and the dopant from Novaled AG ͑Dresden, Germany͒, used as provided.
B. Quantum chemical calculations
The photophysical properties were computed for model compounds in which the butylchains were truncated ͑R v H͒. We performed geometry optimizations for the ground state S 0 and the excited state T 1 of the neutral molecules as well as the radical-cation ground state D 0 ; these were followed by calculations of harmonic vibrational frequencies and normal modes in order to verify that a true minimum was reached. The S 0 state was described at the restricted density functional theory ͑DFT͒ level and the T 1 and D 0 states at the unrestricted level. The geometries of the excited singlet S 1 states were obtained from TD-DFT [20] [21] [22] calculations. In all cases, the B3LYP exchange correlation functional 23 and the split valence SV͑P͒ basis set 24 as implemented in the TURBOMOLE package [25] [26] [27] were used; no symmetry constraints were imposed.
The vertical excitation energies were calculated using unrestricted TD-DFT, with the molecules in the fully relaxed geometry associated with S 0 , S 1 , T 1 , or the radical ground state D 0 . For the case of T 1 → T n absorption, the initial state adopted the orbital occupation associated with T 1 .
III. RESULTS AND DISCUSSION
A. Energy levels of the DCVnT:C 60 donor-acceptor heterojunction
We first discuss the evolution of HOMO and LUMO levels in DCVnT with increasing chain length. We note that, in this paper, we loosely use expressions such as HOMO and LUMO level energies to mean ionization potentials and electron affinities. To access both quantities, CV measurements were carried out. 18 The first oxidation ͑E ox onset ͒ and the first reduction ͑E red onset ͒ potentials of DCVnT extracted from the CV measurements are shown in Table I , together with the ionization potentials ͑IPs͒ determined from UPS measurements. The onset voltage of the current peaks is determined by linearly extrapolating the slope of the respective peaks Chemical structure of DCV3T ͑k =1͒, DCV4T ͑m =0͒, DCV5T ͑k =2͒, and DCV6T ͑m =1͒. Bond lengths ͑numbers͒ and dihedral angles are given in Table IV. to the voltage axis. The corresponding HOMO ͑E H ͒ and LUMO ͑E L ͒ energies, shown in Table I 28 that a better correspondence between HOMO values determined by UPS and CV can be achieved using the empirical formula E U =−͑1.4Ϯ 0.1͒ ϫ qE ox 0 − ͑4.6Ϯ 0.08͒ eV to determine the HOMO energy from CV measurements. Here, E ox 0 is determined by averaging the voltages corresponding to the peak currents of ͑i͒ oxidation of the neutral species and ͑ii͒ reduction of the oxidized species.
Along the DCVnT series, we observe only small fluctuations in LUMO energies indicating that the LUMO level is more or less independent of chain length. At the same time, the DCVnT HOMO level is significantly destabilized with every additional thiophene ring ͑by ജ0.15 eV for the molecules considered here͒.
In addition, we calculated the energies of the HOMO and LUMO levels ͑at the ground-state geometry͒ and the ͑gas-phase͒ adiabatic ionization potentials ͑IP ad ͒ and adiabatic electron affinities EA ad for compounds DCV3T through DCV6T ͑Table II͒. The calculated values confirm a destabilization of the HOMO taking place more rapidly than the destabilization of the LUMO as the number of thienyl units increases.
We now turn to a discussion of the mutual arrangement of the DCVnT and C 60 HOMO and LUMO levels. We will pay particular attention to three important quantities that characterize the DCVnT:C 60 donor ͑D͒/acceptor ͑A͒ heterojunction: 60 interface, and second, we consider the evolution of the relative position of the energy levels along the DCVnT series with respect to the interface to C 60 .
The HOMO position of a C 60 film is reported at −6.2 eV using UPS. 30 The energy ͑transport͒ gap of C 60 , determined by inverse photoelectron spectroscopy, is reported as 2.3Ϯ 0.1 eV. 31 This value is in accordance with the difference between oxidation and reduction potentials determined by CV. 32 The corresponding C 60 LUMO energy is −3.9 eV. The electron affinity of DCV3T is found to be 0.26 eV lower than in C 60 when comparing the photovoltage of flat heterojunction solar cells using either DCV3T or C 60 as acceptor material. 19 This value is well reproduced by comparing the reduction potentials ͑see Table I͒ of DCV3T and C 60 ͑⌬E L = 0.28 eV͒. Thus, the LUMO of DCV3T is evaluated to be −3.62 eV.
The difference between the ionization potentials of DCV3T and C 60 , both measured with UPS, is with 0.1 eV rather small ͑see Table I͒. The HOMO energy E U = −5.97Ϯ 0.18 eV of DCV3T derived according to the empirical formula suggested by D'Andrade et al. 28 from the oxidation potential E ox 0 agrees within the error margins with the UPS value ͑−6.1 eV͒. 19 However, the HOMO energy ͑E H = −5.66 eV͒ obtained from the onset of the oxidation potential markedly differs from both the UPS value and the value E U = −5.97 eV derived from E ox 0 . From ⌬E H = 0.23 eV ͑resulting from the difference E U = −5.97 eV of DCV3T and −6.2 eV of C 60 ͒ and the energy gap of C 60 ͑2.3 eV͒, we can estimate the effective interfacial gap ⌬E DA as 2.07 eV.
Having characterized the heterojunction DCV3T : C 60 based on UPS data, we are able to describe the evolution of DCVnT:C 60 level offsets along the homologous series of DCVnT on the basis of the oxidation and reduction potentials. In the following, we use the HOMO energy levels ͑E U ͒ determined from the peak oxidation potentials ͑E ox 0 ͒. Additionally, it is assumed that the interfacial dipole and the influence of DCVnT on the energy levels of C 60 are independent of the particular oligothiophene.
The LUMO level difference essentially remains constant ⌬E L = 0.28 ͑n =3͒, 0.36 ͑n =4͒, 0.42 ͑n =5͒, and 0.38 eV ͑n =6͒. In strong contrast, the offset between the HOMO levels increases from ⌬E H = 0.23 ͑n =3͒, 0.54 ͑n =4͒, and 0.77 ͑n =5͒ to 0.98 eV ͑n =6͒. Consequently, the effective interfacial energy gap between the DCVnT HOMO and C 60 LUMO reduces with increasing chain length from ⌬E DA = 2.07 ͑n =3͒, 1.76 ͑n =4͒, and 1.53 ͑n =5͒ to 1.32 eV ͑n =6͒.
We note, however, that these values ͑⌬E H and ⌬E DA ͒ should be used with care. We have already mentioned the discrepancy between UPS and CV data for DCV3T. For DCV5T, the ionization potential derived from UPS is 5.6 eV, while the HOMO level determined by the onset oxidation potential ͑−5.30 eV͒ as well as the HOMO level determined by the empirical relation suggested by D'Andrade et al. ͑−5.43Ϯ 0.14 eV͒ are considerably higher. As a rule, we find that CV consistently underestimates the ionization potential as compared to UPS. As a consequence, the interfacial gap ⌬E DA is underestimated as well. A possible explanation is that the oxidized state of DCVnT is stabilized in the CV measurement when using polar solvents such as dichloromethane as a result of the strong quadrupolar moment of DCVnT induced by electron withdrawing DCV groups at both ends.
Nevertheless, the experimental results clearly prove that the HOMO level steadily increases within the homologous DCVnT series and, consequently, that the interfacial gap of DCVnT:C 60 decreases. Thus, as discussed earlier by Halls et al., 33 we can expect that the larger offset of the HOMO levels between DCVnT and C 60 leads to an increased driving force for dissociation of excitons into carrier pairs at the donor-acceptor interface.
B. Singlet-singlet transitions of DCVnT
The vertical S 0 → S 1 ͑S 1 → S 0 ͒ transition energies ͑shown in Table III͒ were estimated from the experimental spectra ͓Fig. 2͑a͔͒ by averaging the transition energies with the absorbance A͑E͒ or the fluorescence intensity I͑E͒, respectively,
The absorption ͑emission͒ energies obtained for the DCVnT molecules are markedly smaller than for unsubstituted or regioregular alkyl-substituted oligothiophenes ͓e.g., 2.6 ͑2.0͒ eV for DCV3T vs. 3.6 ͑2.6͒ eV in 3T dissolved in CH 2 Cl 2 ͔. 34, 35 With S 0 → S 1 being well characterized as a HOMO→ LUMO transition, the reduction in transition energy can be attributed mainly to the stabilization of the LUMO upon DCV substitution. Both the S 0 → S 1 and S 1 → S 0 transition energies exhibit a pronounced size dependence, which appears to be inversely linear with n for molecules with n Ͼ 3 and are strongly influenced by the environment ͓Fig. 2͑b͔͒.
For unsubstituted oligothiophenes ͑nT͒, the vertical transition energy in both absorption and fluorescence scales inversely with the number of double bonds N ͑N =2n for nT͒ until n Ͼ 8 ͑beyond which the energies start to saturate͒. 34 In contrast, the chain-length dependence of the lowest singletsinglet transition in DCVnT clearly does not follow a 1 / N evolution ͑with N =2n + 2 for S 0 → S 1 and N =2n + 1 for S 1 → S 0 , vide infra͒. The deviation from 1 / N dependence is caused in part by the strongly accepting terminal groups. The effect of the dicyanovinyl groups is largest in the smallest molecule DCV3T and expected to level off as the molecules become longer since their electronic structure is then increasingly determined by the thiophene backbone.
The TD-DFT S 0 → S 1 ͑S 1 → S 0 ͒ transition energies ͑Table III͒ are lower than their oligothiophene counterparts. 34 The calculated energy difference of approximately 0.2 eV between the absorption and fluorescence transition energies is directly related to the narrowing of the HOMO-LUMO gap upon S 1 adopting a quinoidal structure ͑vide supra͒. The 0.2 eV TD-DFT energy difference appears to underestimate the experimental values, which range between 0.4 and 0.6 eV. Note that a precise comparison is only possible when the experimental values are extrapolated to vacuum conditions and to T = 0 K; however, these corrections are expected to be small. Furthermore, as expected for TD-DFT calculations in general, the steepness of the 1 / N evolution is somewhat overestimated ͓Fig. 2͑b͔͒ due to the inherent overestimation of long-range interactions within the method. 36 Interestingly, the departure of DCV3T from the 1 / N dependence is almost imperceptible among the TD-DFT predicted energies.
C. Photoinduced absorption
In PA experiments, the change in transmission ⌬T of the probe beam is proportional to the number of molecules that are excited by the pump beam. The recombination dynamics of the modulated excitation is separately discussed below. At low frequencies, i.e., close to steady state condition ͑ Ӷ 1͒, the PA amplitude is proportional to the product of incident number of photons per time ͑pump beam͒, generation efficiency, and lifetime ͑͒ of the excited state species. Thus, such PA measurements reveal the absorption spectra specific of species that are long lived ͑typically microseconds to milliseconds͒ in accordance with the applied modulation frequency f = / 2, which is typically in the range of a few hundred hertz.
The S 1 lifetime of DCVnT in a neat layer is in the nanosecond range and even drastically decreases in blends of DCVnT:C 60 , as evidenced by a completely quenched PL of DCVnT. Thus, excited-state absorption of the DCVnT singlet state can be ruled out in standard PA spectroscopy based on mechanically chopped excitation with a kilohertz modulation frequency.
Among the potential long-lived species, transitions into the excited states of the radical anion ͑D 0 − → D n − ͒ are expected to occur in the same energy range as for the radical-cation ͑D 0 + → D n + ͒ ͑Ref. 37͒ or triplet-triplet transitions. However, when considering the assignment of donor-type and acceptor-type molecules from the relative position of the energy levels at the DCVnT:C 60 heterojunction, as discussed in detail above, a substantial contribution of negatively charged DCVnT is not expected. Since C 60 is a stronger acceptor, the formation of DCVnT anions is unlikely.
As shown for mesityl-substituted nTs, 38 optical transitions due to dications are also located in the energy range investigated. However, the formation of the dication requires a mixing ratio in which the acceptor concentration largely exceeds the amount of donor molecules. The DCVnT:C 60 blends are much less rich in C 60 than required for a double oxidation. Therefore, the observation of dications is unlikely.
From numerous experimental studies on oligomers, such as oligophenylenes, oligophenylenevinylenes, oligothiophenes ͑nTs͒, 39, 40 and various end-capped nTs, 38, 41, 42 it is known that the main radical-cation transition D 0 + → D n + stabilizes in energy as the size of the molecules increases. The same observation has been made for T 1 → T n in nTs. 43 The steepness with which the associated transition energies change with molecular size depends on the nature of the transition.
To provide an unambiguous assignment of the features observed in the PA spectra, quantum-chemical calculations were performed to assess the T 1 → T n and D 0 + → D n + transitions. The ordering of the main transitions of the triplet and cation species as a function of the number of thiophene units is crucial for the correct assignment.
Geometries
The distribution of the DFT-calculated bond lengths indicate a slightly quinoidal structure. As shown by a considerable reduction in bond-length alternation ͓DCV4T: 0.029 Å, ͑Me͒ 2 4T: 0.049 Å ͑Ref. 38͔͒ the DCVnT molecules adopt a more quinoidal neutral ground state than their unsubstituted counterparts. In all molecules, the deviation from planarity never exceeds 10°͑Table IV͒. These inter-ring twists are considerably smaller than the dihedral angles found in unsubstituted nTs ͑20°-25.6°͒.
44
Upon evolution from the neutral ground state S 0 into the excited states S 1 or T 1 , or the cation ground state D 0 , the double bonds expand and single bonds contract to such an extent that their character reverses with respect to the neutral ground state ͑Table IV͒. Thus, the number of double bonds decreases from N =2n +2 to N =2n + 1. Since the bonds linking the thiophene rings adopt double bond character, the thiophene backbone is planarized, i.e., the torsion between the thienyl units is strongly reduced, with the reduction in inter-ring torsion being stronger in T 1 than in D 0 ͓DCV6T:
The reversal in the bond-length pattern is consistent with a transition from small to strong quinoidal character.
Triplet and cation transitions
When monitoring the energy range below S 0 → S 1 , the triplet-triplet absorption T 1 → T n and the radical cation D 0 + → D n + absorption might be superimposed in the observed photoinduced transmission change. The PA signal collects all transitions between states of the same multiplicity, be they triplets or doublets on radical ions.
Before discussing the measured PA spectra, we survey which transitions can potentially arise ͑and their ordering͒ on the basis of the calculated absorption spectra. Since PA spectroscopy averages on a microsecond to millisecond time scale and thus allows for structural relaxation, the absorption spectra need to be determined in the fully relaxed geometries of either the ground state of the radical cation or the neutral T 1 state. The calculated transition energies and oscillator strengths associated with these absorption processes are collected in Table V. Among the calculated triplet states, we find one dominant transition T 1 → T 4 ͑DCV3T: 1.77 eV, DCV4T: 1.59 eV, DCV5T: 1.43 eV, and DCV6T: 1.30 eV͒ ͑Fig. 3͒. The T 1 energy ͑at the fully relaxed geometry͒ is calculated to be at 1.29 ͑DCV3T͒, 1.29 ͑DCV4T͒, 1.27 ͑DCV5T͒, and 1.26 eV ͑DCV6T͒ above S 0 . When considering the sequence of calculated singlet and triplet states ͑Table V͒, it is clear that both T 1 and T 2 are located below S 1 . The reverse order of T 2 and S 1 has been found in unsubstituted nTs. The calculated D 0 → D n transition energies are confirmed by the experimental absorption spectra of the radical cations ͑see Fig. 4͒ . DCVnT, diluted in CH 2 Cl 2 ͑10 −5 M͒, was oxidized by adding well defined equivalents of an oxidant ͑thi- Fig. 1͒ in different relaxed geometries ͑R v H͒. ␦ cent refers to the dihedral angle enclosed by the two inner ͑or inner and adjacent͒ rings, while ␦ term denotes the twist between the outermost and its neighboring ring; ␦ cent and ␦ term coincide in DCV3T. Deviating ␦ values for a structurally equivalent angle are given in parentheses.
DCV3T
DCV4T DCV5T DCV6T anthrenium pentachloroantimonate͒ using a microliter injection. Thianthrenium SbCl 5 shows a weak absorption at 2.25 eV. 45 The vertical transition energies were obtained from the absorption spectra using Eq. ͑1͒.
The radical-cation of DCV3T is not stable; the weak feature in the corresponding absorption spectrum at 1.34 eV is attributed to D 0 → D 1 . For DCV4T to DCV6T, the groundstate absorption is bleached with increasing oxidation, while two infrared features build at 1.01 and 1.71 eV ͑DCV4T͒, 0.98 and 1.70 eV ͑DCV5T͒, and 0.88 and 1.63 eV ͑DCV6T͒. They can be assigned to the calculated D 0 → D 1 and D 0 → D 3 transitions. When the molar ratio of the oxidant exceeds 1, the DCV6T radical cation oxidizes further and a dication peak appears at 1.18 eV. Overall, the transition energies found in the experimental radical-cation spectra corroborate the positions of the
Thus, the calculated transition energies ͑see Table V͒ in combination with the experimental radical cation spectra ͑Fig. 4͒ allow us to identify the triplet-triplet transition as well as the cation contributions to the PA spectra, that we now discuss.
Photoinduced absorption spectra of neat films of DCVnT
The experimentally observed PA transitions ͑Fig. 5͒ in neat films exhibit contributions at 1.51 eV ͑DCV3T͒, 1.38 eV ͑DCV4T͒, 1.21 eV ͑DCV5T͒, and 1.12 eV ͑DCV6T͒. The film thickness is 22 nm for DCV3T, 15 nm DCV4T, 20 nm DCV5T, and 10 nm DCV6T. As we separately discuss below, the lifetime of the excited state species is approximately 50 s for all DCVnT. Since the excitedstate absorption of the DCVnT singlet state is connected to a nanosecond lifetime and photoinduced charge separation in a neat film is unlikely, we attribute these features to the T 1 → T 4 triplet-triplet transitions. This assignment is confirmed by the TD-DFT calculations ͑see Fig. 6͒ .
Photoinduced absorption spectra of DCVnT:C 60 blends
In blends with C 60 , the total amount of DCVnT was kept constant compared to the neat layer while we dope DCVnT by fullerene C 60 in a molecular 1:1 ratio. The DCVnT triplet exciton contribution to the PA spectra is still present and, remarkably, even increases in DCV3T : C 60 , DCV4T : C 60 , and DCV5T : C 60 with respect to the neat layers.
The frequency dependence of the triplet transition is similar to the single layer and result in the same lifetime, vide infra. Thus, the increased PA amplitude at low modulation frequencies ͑ Ӷ 1͒ in the blend layer in Fig. 5 corresponds to an increased generation efficiency of the triplet state compared to the single layer.
The emerging cation transitions which occur as a result of exciton dissociation at the donor-acceptor heterojunction are 
In the DCV3T : C 60 blend, we find the PA spectrum to be essentially similar to that of the neat layer ͑ Ϸ const͒ with an increased contribution of the DCV3T triplet transition ͑ = 1.73 at 1.51 eV͒. Tiny contributions of the blend PA spectrum ͓Fig. 5͑a͔͒ in the infrared region at 0.84 and 1.04 eV might be assigned to cation contributions ͑calculated value: 1.11 eV, see Table V͒ , although the relative difference of blend and neat layer is almost constant and, therefore, the fraction of generated cations is negligible.
The same situation is observed in blend layers of DCV4T and C 60 , with the triplet transition at 1.38 eV increasing ͑ = 2.61͒. A significant contribution at 0.90 eV occurs ͓see inset of Fig. 5͑b͔͒ that we attribute to the cation transition of DCV4T, calculated at 1.00 eV.
When comparing the PA of DCV5T : C 60 blend and DCV5T neat layers, significant differences are observable at 0.83 and 1.54 eV, as well as a slightly increased triplet contribution at 1.21 eV ͑ = 0.77͒. We assign the PA transitions at 0.83 and 1.54 eV induced by the admixture of C 60 Blending DCV6T and C 60 reveals more pronounced differences in the PA spectra with cation transitions arising at 0.75 and 1.39 eV. The triplet contribution at 1.10 eV is still present, but decreases ͑ = −0.10͒.
Thus, we can assign the features experimentally observed at 1.51 eV ͑DCV3T͒, 1.38 eV ͑DCV4T͒, 1.21 eV ͑DCV5T͒, and 1.12 eV ͑DCV6T͒ to triplet-triplet transitions ͑see Fig.  6͒ . Additional features at 0.90 eV ͑DCV4T͒, 0.83 and 1.54 eV ͑DCV5T͒, and 0.75 and 1.39 eV ͑DCV6T͒ correspond to cation transitions.
With exciton dissociation and charge carrier separation, a C 60 anion contribution to the spectra is expected in addition to the DCVnT cation. In solution, C 60 − transition energies are reported at 1.15 eV and weaker at 1.30 eV, [46] [47] [48] [49] as well as less significant contributions in the visible range. 46, 50 In thin films of oligothiophene:fullerene blends, a tiny contribution of C 60 anions is observed at 1.17 eV. 51 This transition energy is in the same range as the much more intense triplet contributions in DCV5T and DCV6T; thus, we have no access to the fullerene anion in our spectra.
On the basis of these assignments, we observe that the transition energies do not strictly follow a 1 / N relationship ͑Fig. 6͒, which is consistent with the theoretical results. 52 As argued earlier in the case of S 0 → S 1 ͑S 1 → S 0 ͒ transitions, we attribute the marked deviation in the case of DCV3T to the strong influence of the C-͑CN͒ 2 groups in this molecule.
Recombination dynamics
In the following, we discuss the recombination dynamics of the DCVnT triplet excitons as well as the DCV6T cation. We consider both cases of purely monomolecular ͑MR͒ and purely bimolecular ͑BR͒ recombination,
respectively, where the excited state species density n͑t͒ is generated by the pump light G͑t͒ = g͓cos͑t͒ +1͔. Here, we use g = I p , where is the generation efficiency of the excited state and I p is the pump intensity. The modulation frequency f is represented by =2f. The PA amplitude is proportional to the oscillating excited state population density 53 n s . For MR, the amplitude is given by 
͑4͒
For BR, Eq. ͑3͒ is solved using a symmetric square light wave approximation. 54 Thus, the PA amplitude is proportional to 
where ␣ = / ͑ BR ͒. The bimolecular lifetime 54 BR is defined as n s = g BR under steady-state conditions and depends on the pump intensity, BR =1/ ͱ g␤. We note that another approach is given by a series expansion 55 of n͑t͒.
In Fig. 7 , the frequency dependence of the PA amplitude ͓−⌬T / T͔͑͒ is given for neat and blend layers of DCVnT and DCVnT:C 60 at the respective triplet transition energies ͑see Table VI͒. For DCV6T : C 60 , the recombination dynamics of both DCV6T cation transitions are shown, too. For DCV5T and DCV4T, the cation transition is superimposed by the triplet transition background ͑see Fig. 5͒ and thus analyzing the lifetime of the cation might be misleading.
The lifetime of the respective DCVnT triplet and cation is obtained by a fit according to Eq. ͑4͒ for monomolecular recombination ͑ MR ͒ and to Eq. ͑5͒ for bimolecular recombination ͑ BR ͒. The values are summarized in Table VI . The lifetime BR is in the same order of magnitude as MR , albeit slightly larger. Moreover, the fit quality of ͓−⌬T / T͔͑͒ is slightly superior when assuming the bimolecular model. Nevertheless, we get independent of the assumed recombination model a similar ͓−⌬T / T͔͑͒ dependence and, thus, similar neat and blend layer triplet lifetimes. It is, therefore, not necessary to actually distinguish between monomolecular and bimolecular recombinations, which would require an analysis of ͓−⌬T / T͔͑͒ at different pump intensities.
For neat layers of DCVnT, the triplet lifetime ranges around 50 s; this was confirmed for DCV3T by transient absorption. 56 The lifetime of the probed excited state is orders of magnitude higher than the lifetime of the singlet excitation ͑nanosecond range͒ and provides, thus, the justification to interpret the peak in the neat layer PA spectra as absorption of the T 1 triplet state. In blend layers of DCVnT:C 60 , we find basically the same lifetime of the DCVnT triplet. As indicated in Table VI , the ratio of blend and neat layer triplet lifetimes b / n ranges between 1.5 and 1.0 for all DCVnT. Considering this lifetime ratio, the difference between monomolecular and bimolecular recombinations is negligible. We want to stress that the small difference between the triplet lifetime of neat and blend layers is not sufficient to explain the different amplitudes in the steadystate PA spectra ͑see Fig. 5͒ , where + 1 ranges between 3.6 and 0.9. In particular, for DCV6T, the steady state PA amplitude of the triplet transition ͑1.21 eV͒ is decreased in the blend layer ͑⌬T b / T b ͒ / ͑⌬T n / T n ͒ = + 1 = 0.9, while the triplet lifetime is slightly increased, b / n Ϸ 1.2.
Thus, the ratio of the generation efficiency g b / g n has to be considered as the more important quantity to explain the ratio of PA amplitudes ͑Table VI͒. We note that the ratio g b / g n reflects the generation efficiency since the pump intensity as well as absorbance of the neat and blend layers were kept equal. The absorption of fullerene C 60 at 514 nm is negligible, and the material amount of DCVnT was equal between blend and neat layers. Due to a molecular ratio of close to 1:1 in the blend layer, the exciton density is decreased by a factor of 2, which might in general influence the bimolecular recombination. Although, the difference between monomolecular and bimolecular recombination in g b / g n is negligible.
We find a noticeable consistency between the ratio of triplet generation efficiency g b / g n and the ratio of the blend and neat layer transition amplitudes in the steady-state PA spectra indicated by + 1. In particular, for DCV6T, the decrease of the generation efficiency g b / g n exceeds the increase of the lifetime b / n , and thus, the ratio of the steady-state triplet exciton density that is reflected by the PA amplitude ratio ͑ +1͒ at low frequencies ͑ Ͻ 1͒ is decreased. Apart from DCV3T, we find a systematic decrease of the generation from DCV4T to DCV6T. The deviant behavior of DCV3T is an additional indication of the different mechanisms that lead to the indirect triplet population, as we will discuss below.
In summary, we find a similar lifetime for neat and blend layer triplet excitons, and thus, the DCVnT triplet state is unquenched for all DCVnT:C 60 . In contrast, the generation efficiency of the triplet excitons depends on the oligothiophene chain length and systematically decreases from DCV4T to DCV6T, while DCV3T deviates from this correlation.
D. Electron versus energy transfer
The exciton dissociation ability of the DCVnT:C 60 interface, and, therefore its ability to trigger charge carrier separation increases from DCV3T to DCV6T due to an enlarged offset of the HOMO levels between DCVnT and C 60 . On the basis of this correlation between the efficiency of charge carrier generation and the size of the donor molecule, we now discuss the competition between DCVnT triplet vs charge carrier formation.
The PL of DCVnT is rapidly quenched in the blend. In DCV3T : C 60 blends, only a few charge carriers below our detection limit might be generated, while the triplet generation is strongly enhanced. This increase is attributed to an indirect population of the lowest triplet state via the following pathway:
56 ͑i͒ singlet-singlet energy transfer from DCV3T to C 60 ͑whose fast rate was demonstrated by sensitized emission of C 60 ͒, ͑ii͒ highly efficient intersystem crossing ͑ISC͒ on C 60 , and ͑iii͒ subsequent triplet energy transfer back to DCV3T. The same sequence of energy-transfer processes ͑i͒-͑iii͒ is found in mixtures of oligothienylenevinylenes ͑nTVs͒ with a fullerene derivative ͑MP-C 60 ͒ in a nonpolar solvent ͑toluene͒, 57 resulting in an indirectly populated triplet state of nTV. VI. Left part: lifetime of DCVnT triplet and DCV6T cation in neat and blend layers according to a fit of the frequency dependence of the PA amplitude in Fig. 7 to Eq. ͑4͒ for monomolecular recombination ͑MR͒ and to Eq. ͑5͒ for bimolecular recombination ͑BR͒. The respective transition energies correspond to the maxima of the PA spectra in Fig. 5 However, for DCVnT with n ജ 4, sensitized emission of C 60 is not observed, indicating that singlet-singlet transfer between donor and acceptor species does not occur. The appearance of cation transitions in the PA spectrum is evidence for the generation of charge carriers in DCVnT:C 60 ͑n ജ 4͒ blends. Consequently, we attribute the PL quenching to electron-hole separation at the DCVnT:C 60 ͑n ജ 4͒ donoracceptor interface.
Simultaneously, an increased triplet population was observed for DCV4T ͑ = 2.61͒ and DCV5T ͑ = 0.77͒. In DCV6T : C 60 ͑ = −0.10͒, the triplet population is smaller compared to the pristine DCV6T layer, but present. In the absence of sensitized C 60 emission, the observed triplet population cannot be explained by indirect population of T 1 of DCVnT ͑n ജ 4͒ from the lowest triplet state of C 60 . Rather, the triplet generation is mediated by relaxation of an interface donor-acceptor charge transfer state DCVnT + :C 60 − ; this is reminiscent of the mechanism described by Ford et The temperature dependence of the DCV5T PA spectrum between 1.1 and 1.6 eV reveals a total PA amplitude that decreases with increasing temperature, while the ratio of cation ͑1.5 eV͒ to triplet ͑1.24 eV͒ transitions increases. 59 This indicates a thermally activated dissociation into free electron and holes, presumably within step ͑i͒ or ͑ii͒.
Indirect triplet population was also observed by Veldmans et al. when comparing blends of MDMO-PPV with a cyanocontaining acceptor polymer ͑PCNEPV͒ 60 or with bodipy dyes 61 to pristine MDMO-PPV. The enhancement in triplet population was explained by these authors as due to a recombination of free charge carriers generated after exciton dissociation. Thus, the observation of triplet state is recognized as a loss mechanism for high open-circuit voltage polymer photovoltaic devices.
In our systems, the indirect population of the triplet state ͑indicated by ͒ decreases with increasing number of thienyl units from DCV4T to DCV6T. At the same time, the amplitude of the cation transition within the PA spectrum ͑see Fig.  5͒ increases along the series DCVnT:C 60 ͑n ജ 4͒ with respect to the amplitude of the triplet transition of the neat layer. This points toward an increasing cation population, considering that the ratio of calculated oscillator strengths ͑see Table V͒ between the cation transition ͑D 0 → D 1 ͒ and the triplet transition ͑T 1 → T 4 ͒ remains roughly constant ͑0.13, 0.15, and 0.19 for DCV4T, DCV5T, and DCV6T͒.
The observed increase in cation population ͑ϰ͒ with molecular size has to be attributed to a chain-length dependence of either the generation efficiency or the lifetime of the cation. We note that an unambiguous assignment of either or is not possible here since the signals of the cations are strongly superimposed in DCV4T and DCV5T by the respective triplet transition. Nevertheless, the role of and can be discussed within two scenarios.
In the first scenario, we assume a constant generation efficiency . Thus, the lifetime of the cation needs to increase from DCV4T to DCV6T to explain the increasing cation population. An increasing lifetime could originate from a decreasing recombination efficiency of the cation into the triplet state. This consideration is, therefore, in agreement with the decreasing indirect triplet population indicated by ͑n͒.
In the second scenario, we assume a constant lifetime while needs to increase. Since the PL of DCVnT:C 60 ͑n ജ 4͒ is completely quenched, the efficiency of the quenching process is near unity and therefore roughly constant within the series. Consequently, in the simple picture of a chargeseparated state populated directly from the quenched singlet excitons and monitored in the PA spectra, an increasing generation efficiency of the cation is not achieved. However, if we assume an intermediate state ͑D
+ A − ͒ between DCVnT and C 60 that either recombines into a triplet state or dissociates into free charge carriers observable in PA with rate constants depending on the chain length, this scenario becomes possible.
The dissociation probability of the geminate pair was considered by Arkhipov et al. 62 in the case of an extended polymer in the presence of an array of acceptor molecules. Considering small-sized molecules, such a discussion needs to be extended to be able to establish a relationship between dissociation rate and donor chain length.
In summary, we observe an increasing charge carrier generation associated with a decreased indirect triplet state population for molecules DCV4T to DCV6T. This observation is consistent with the expectation from the relative positions of the energy levels at the DCVnT:C 60 interface, as discussed in the previous section.
E. Solar cell application
In the following, we discuss the impact of the charge carrier vs triplet state generation in the DCVnT ͑n ജ 4͒ series on the photovoltaic performance. In doing so, we recognize the trade-off between efficient charge carrier separation and a high open-circuit voltage of the solar cell.
The open circuit voltage V oc of polymer:PCBM solar cells was found to follow the empirical relation eV oc = ⌬E DA − 0.3 eV, 12 where e is the elementary charge. Thus, a direct consequence of the reduced interfacial gap ⌬E DA is a reduced V oc with increasing chain length.
To connect the performance of our DCVnT:C 60 heterojunctions to the V oc ͑⌬E DA ͒ relationship, we prepared three comparable solar cells having the following layer sequence: ITO/ Au ͑1 nm͒ / HTL/donor ͑10 nm͒ / C 60 ͑40 nm͒/4,7-diphenyl-1,10-phenanthroline ͑BPhen͒ ͑6 nm͒ / Al ͑100 nm͒, where the donor is either DCV4T ͑cell A͒, DCV5T ͑cell B͒, or DCV6T ͑cell C͒. HTL denotes a p-type hole transport layer sequence consisting of p-doped 4 , 4Ј ,4Љ-tris͑2-naphthylphenylamino͒-triphenylamine
͑␣-NPD͒ ͑10 nm͒/intrinsic ␣-NPD ͑5 nm͒. As dopant, we use the proprietary acceptor dopant NDP2 purchased from Novaled AG ͑Dresden, Germany͒ with doping ratios of 2.5 mol % for TNATA and 20 mol % for ␣-NPD. The p-type doping of the transport layer increases the conductivity and improves the contact behavior; 63,64 the doping effect using NDP2 is comparable to tetrafluorotetracyanoquinodimethane ͑F 4 -TCNQ͒. 16 However, the Novaled dopant is used because of its higher sublimation temperature and is therefore much easier to handle in high vacuum. The general advantages of the doping approach have been discussed earlier. [65] [66] [67] A detailed discussion on the influence of the doped HTL on the performance of this type of solar cells incorporating DCV5T have been given in Ref. 16 . BPhen acts as an exciton blocker, while deposition of aluminum on top of BPhen introduces defect states enabling electron transport between C 60 and aluminum, as suggested for the closely related material bathocuproine. 68 Table VII summarizes the specific parameters of these cells.
As discussed in Sec. III A, the interfacial energy gap ⌬E DA between the DCVnT ͑donor͒ HOMO and the fullerene ͑acceptor͒ LUMO reduces with the number of thienyl units n from ⌬E DA = 1.76 ͑n =4͒ and 1.53 ͑n =5͒ to 1.32 eV ͑n =6͒. The difference between n = 4 and n =5 ͓␦͑⌬E DA ͒ = 0.23 eV͔ as well as between n = 5 and n =6 ͓␦͑⌬E DA ͒ = 0.21 eV͔ is determined by the offset of the corresponding HOMO levels ͑see ␦͑V oc ͒ = 0.13 V from n =4 to n = 5 and ␦͑V oc ͒ = 0.09 V between n = 5 and n = 6. As a best fit, we find the linear relation eV oc = 0.46ϫ⌬E DA − 0.32 eV. The prefactor of 0.5 is related to the uncertainty induced by fitting just three samples, while Scharber et al. used 26 ͑scattering͒ values; however, we recover the same trend as these authors.
The FF and, in particular, the saturation factor j −1 V / j sc ͑SF͒ provide a measure for the efficiency of charge carrier separation at the DCVnT:C 60 interface; a small SF ͑ideally 1͒ corresponds to an efficient separation at zero bias voltage. For DCV4T ͑cell A͒, the SF ͑1.32͒ is far away from the ideal case ͑1.0͒; thus, the dissociation of charge carriers is field dependent. For cells B and C, we find reasonably well optimized solar cells as indicated by SF as well as FF. Since the DCVnT samples in the solar cells were used as provided, i.e., not purified by vacuum gradient sublimation ͑due to marginal amount of material͒, the small differences are presumably caused by different material purity grades which has a strong influence on the device performance. 69 The current-voltage characteristics ͑see Fig. 8͒ of cell B ͑DCV5T͒ show a slight S-shape behavior, which is strongly increased for cell A ͑DCV4T͒. The high voltage required to drive a forward current results from a hole-injection barrier between NPD and DCVnT. The probability to overcome such a barrier is described by Staudigel et al. 70 Assuming a certain width of density of states ͑DOS͒, i.e., a Gaussianbroadened HOMO level, the thermally assisted hopping over the barrier is determined by the overlap of the DOS associated with the adjacent layers; these DOSs are connected by a Boltzmann term incorporating the barrier height. Therefore, a step of 0.23 eV ͓exp͑−0.23eV/ kT͒Ϸ10 −4 ͔ in the HOMO level between DCV5T ͑cell B͒ and DCV4T ͑cell A͒ strongly influences the transfer probability between the HTL and the DCVnT donor.
Turning back to our earlier question on higher opencircuit voltages in organic solar cells, we conclude that we have demonstrated a solar cell ͑cell B, DCV5T͒ with a voltage close to maximum for this type of thiophene:fullerene based flat heterojunction solar cells. Inducing a higher interfacial gap ⌬E DA via reducing the number of thienyl units should lead to a higher open-circuit voltage according to Scharber et al. In DCV4T : C 60 , we find a reduced dissociation of electrons and holes and simultaneously an increased population of the triplet state. In DCV3T : C 60 , we actually replace the dissociation into electron and holes at the interface with an energy transfer across the interface causing the absorbed energy to be stored in triplet states. 19, 56 A mode of operation similar to our DCV5T : C 60 solar cell, i.e., efficient charge separation accompanied by small losses due to triplet formation, has been also observed using polymer donor:acceptor blends.
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IV. CONCLUSION
We systematically studied the energy and electron transfer processes at a donor: C 60 heterojunction along a homologous series of oligothiophene derivatives serving as donors. We demonstrated with the help of CV and UPS measurements that by attaching dicyanovinyl terminal groups, the electronic properties of the oligothiophenes were tailored to maintain an almost constant LUMO energy offset of 0.3-0.5 eV to the acceptor C 60 , while at the same time being able to steadily tune their ionization potential by the backbone size. The consequences of the altered arrangement of the energy levels at the DCVnT:C 60 heterojunction were probed with photoinduced absorption. The energy of the anticipated transitions, i.e., triplet-triplet and cation transitions, were well predicted by TD-DFT calculations and confirmed by cation absorption spectroscopy.
With the gradual increase in effective energy gap of the donor-acceptor pair observed when going from DCV6T through DCV3T, the photoinduced electron transfer becomes replaced with energy transfer. We also observed indications that different mechanisms lead to donor triplet formation. While for DCVnT ͑n ജ 4͒ the population of the donor triplet state presumably occurs via ISC of a charge transfer state at the interface, the DCV3T T 1 state was formed after subsequent energy transfer from DCV3T S 1 across the singlet and triplet manifold of the acceptor. 56 These effects alter the operation conditions of photovoltaic devices based on these heterojunctions. In the case of DCV5T, triplet formation constitutes only a small loss factor. In contrast, at the DCV3T : C 60 interface, triplet state population largely exceeds charge carrier formation; thus, in such a solar cell, additional mechanisms are required to dissociate the lowest triplet state. 56 In order to optimize the solar cell device performance, a high open-circuit voltage as well as a reasonable charge separation efficiency is required. Within our series of oligothiophenes, we find a reasonable compromise between open-circuit voltage, short-circuit current, and saturation factor by using DCV5T : C 60 solar cells. Increasing the opencircuit voltage by using DCV4T leads to a decreased charge separation that was indicated by the saturation factor as well as by the photoinduced absorption spectra. The decreased charge carrier signature as well as the increased indirect triplet generation for DCV4T point toward a fundamental process of triplet recombination, which might be of general interest in the design of high open circuit voltage devices. 59 Using DCV6T decreases the open-circuit voltage of the device while an increase of the short circuit current or an further decrease of the saturation factor is not obtained. 
